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Identifying trends in tropospheric ozone (O3) occurring since the pre-industrial (PI) era is made difficult due to insufficient spatial and temporal observations, a relatively short lifetime (of the order weeks in the planetary boundary layer (PBL) to months in the free troposphere), and the fact that this specie is not emitted directly into the atmosphere.
Therefore modeling studies are currently the preferred tool for tropospheric trend assessment. In recent years 3-dimensional simulations with chemistry have emerged. Of these, estimates of mean ozone increases range from 40% [Roelofs et al., 1997] to 60-70% [Wang and Jacob, 1998; Lelieveld and Van Dorland, 1995] . Changes in hydroxyl (OH) are more uncertain, being subject to the opposing effects of increasing CO and CH4 (which directly lower OH) and increasing Ox (=O3P+OID÷O3) and NOx (which increase OH via jO3"_ O]D÷H20_f2OH and HO2÷NO_OH+NO2 respectively).
Estimates are in the range: 17%
decrease [Brasseur et al., 1998 ] to a 6% increase [Bernsten et al., 1997] in mean OH concentration since the PI era. These, and additional studies also report radiative changes due to Ox increases. Moving from clear sky to cloudy conditions tends to lower the global mean forcing value by 20-60% [Haywood et al., 1998; Forster et al., 1996] . However, the above, and other GCM studies with chemistry [Chalita et al., 1996; Bernsten et al., 1997; Van Dorland et al., 19971L_e_aI ., I997] adopted climatological cloud cover when calculating tropospheric Ox increase. In this study we include an online, prognostic calculation of clouds.
We also investigate the chemical effect of reducing the sulfate aerosol distribution. Finally, we investigate the effect of changing our fixed monthly climatological mean sea surface temperatures (SSTs) and ocean ice distribution from present day (PD) to PI.
We employ a 3D model, the Goddard Institute for Space Studies (GISS) general circulation model (GC1V0 in order to gain new insight into anthropogenically-driven oxidative and radiative changes to the troposphere from PD to PI conditions. Ifi summary, compared with the PD control run, we have modified to PI conditions: (1) chemical emissions,
including the ozone precursors (2) the sulfate aerosol distribution (3) the oceanographic data and (4) the greenhouse gases (GHGs). We report resulting changes to the tropospheric hydroxyl (OH), O_ (=O3+OID+O3P) and water vapor concentrations as well as the associated dynamical/cloud response. Section 2 provides a model description and overview of the runs; section 3 discusses results; section 4 prescnts conclusions and future work.
Model description
The GISS II' (two prime) GCM [Hansen et al., 1997] was developed from the GISS GCM version II which is described fully by Hansen et al. [1983] . GISS II' is a gridpoint model having 72 and 46 longitudes and latitudes respectively (~4x5 degrees horizontal resolution) and 9 sigma coordinate levels in the vertical with a dynamical top at 10mb. The vertical resolution is admitedly crude which has repercussions both for modeling ozone and the prognostic cloud calculations. This point is discussed further in section 4 (conclusions). Tracer advection is achieved via the quadratic upstream method [Prather, 1996] which produces little numerical noise and realistically maintains strong tracer gradients. Further details may be found in the companion paper in Part I, Shindell et al., hereafter referred to as Part I.
We employ 10 chemical tracers (O, NO, N205, HNO3, H202, CH3OOH, HCHO,  HO2NO2, CO and H20) using the 'family' approach where appropriate with 37 reactions for 24 molecules [DeMore et al., 1997] . Peroxyacetyl nitrate (PAN) and explicit NMHC chemistry is omitted. A proxy for CO (60 Tg C year -_ i.e. 10% of the isoprene burden) based on [Wang et al., 1998 ] is included. Other NMHC chemistry is omitted. We therefore tend to underestimate ozone production, especially in the PBL. Our 'end product' proxy approach for isoprene ignores ozone production via the intermediate oxidation channel RO2+NO.
Other than isoprene, 'equivalent CO' for other NMHCs was not included. Ali runs begin December 1't and were ten years in duration. Initial analyses suggested a spin-up time of 1 year and 2 years for the control run and for all remaining rims respectively.
Data obtained during spin-up were subsequently discarded. All figures show January and July zonal mean values unless otherwise indicated. Table 1 gives an overview of the runs. Run 1 is the PD control run. Run 2 is our best estimate of PI conditions. It featured chemical emissions, GHGs (CO2, CH4 and N20 ) and sulfate aerosol reduced from PD to PI conditions. Industrial and aircraft CO and NO_ emissions were set to zero; methane in the chemistry scheme was reduced from 1.803 ppbv (SH=1.750, NH=1.855) to 0.730 ppbv in both hemispheres; biomass burning emissions were set to 10% of their PD value but retaining the same geographical distribution [Wang and Jacob, 1998 ]and sulfate aerosol was changed to a PI distribution based on the GCM sulfur-cycle model described in Koch et al. [1999] . These implied very large, widespread increases (up to 5000%) in sulfate since the PI era over industrialized areas, especially in NH summer. Run 2 also featured specified climatological monthly mean SSTs and ocean ice data but these were modified from PD to PI (1850)
conditions. The 1850 ocean data were obtained from a previous integration of the GCM at 8x 10°horizontal resolution which calculated rates of ocean heat fluxes (the 'qflux' scheme)
. Runs 3-5 are sensitivity runs (see Table 1 ). Run 3 most closely resembles other works in the literature investigating ozone change since the PI era in that it features PI chemical emissions but has PD sulfate aerosol and ocean data. Run 4 tests the effect of reducing sulfate aerosol in run 3 to PI conditions. Run 5 tests the effect of changing the ocean data in run 4 from PD to PI conditions. When calculating Ox burdens in the troposphere we defined the tropopause using a cutoff criteria of 150ppb ozone. Changing this value by +/-10% led to changes in the burden of +3/-4% respectively. Changing to PI ocean data had only a small effect (a couple of percent at most) upon the chemistry terms in run 1, except for O,, which increased by around 20% due to the suppressed O_D+H20 sink, as already mentioned. Table 4 suggest that in going from PI to PD, the net downward transport of O, from the stratosphere has generally slowed (e.g. by 3.6% for the best PI estimate, run 2) whereas that for NO_ has increased (e.g. by 37.5% for run 2). Further, the O, changes appear to be driven mainly by changes in the emissions (run 3) and occur more strongly in the NH whereas the NO, changes are driven mainly by changing the ocean data (run 5) and occur more strongly in the SH.
Since NO_ and O_ are fixed and proportional to each other in the stratosphere, the differing response reflects changes in the upward, rather than the downward fluxes. A slowing in net downward Ox in This then suggests that lowered PI OH was playing a role. The features were not exactly colocated since HNO3 has a longer lifetime than NO_ and is affected by large-scale dynarnies to a greater extent. The sign of (PD-PI) OH change in the real atmosphere is uncertain due to opposing chemical effects, as discussed in the introduction. Lightning in the tropics also played a lesser role (not shown) occasionally leading to higher PI NOx in some regions but more usually resulting in lowered NO_. Run 1 (control) and run 2 (best PI estimate) featured 3.87 CN-I-I=2.33, SH=!.55) and 3.57 (NH=2.08, SH=1.49) Tg N / year respectively. Such a lowering of 8% is significant at the 99% confidence interval (Table 3 ). The bulk of the decrease was due to changing the ocean data from PD to PI conditions, as will be shown in section 3.2.3. Another possible cause of high PI ozone is erthaneed clouds leading to a lowered jOlD sink. However, clouds only increased in a narrow latitude belt centred over the equator ( Figure 13 ); since the high PI ozone occurred mainly at mid to high latitudes clouds were concluded not to play a role. (Table 3) were 9.8 (NH=I2.0, SH=7.6) x l0 s molecules/cm 3 (almost the very same value of 9.7 was derived by
Prinn et al., [1995] using CH3CCI3 measurements between 1978 and 1994) and 10.2 (NH=12.0, SH=8.4) x l0 s molecules/cm 3 respectively i.e. a decrease of 3.9% (NH=0.0%, SH=9.5%) from PI to PD, which is significant at the 99% confidenceinterval (Table 3) . PI OH is generally higher than PD throughout the tropical troposphere except at (1) higher levels especially in summer and (2) Note that for the control run, annual mean sigma = 0.025K; this value is somewhat lower than observations which are in the range 0.2-0.4K [IPCC, 1996] . The discrepancy is associated with fixing SSTs in the model.
Global mean air temperature increases were 1.853°C (NH=1.676, SH = 2.030). These were associated mainly with changing the ocean data and were stronger in the SH due to a larger area of ocean coverage. This more than outweighed greater Ox changes in the NFI.
The difference (%) in moist convective cloud cover (not shown, but very similar to Figure 11 ) for run 1 (PD control) -run 2 (best PI) revealed that the equatorial mid troposphere is more cloudy by 2-4% in the PD run (aj,_=0.50, ajut=0.53% at 323mb). This region is straddled north and south by features for which the opposite is true. We interpret this results as follows: increased PD water vapor in the central tropics implies extra radiative heating hence decreased stability which strengthens the ascending Hadley cell hence increases moist convective cloud cover. The adjacent, descending arms are also strengthened, which tends to decease cloud cover in these regions. The changes arise mainly due to changes in the ocean data and also impact upon NOx from the lightning scheme. They are quantified and discussed further in section 3.2.3, which discusses the effect of the ocean data alone.
Effect of precursor emissions, sulfate aerosol, ocean data and GHGs
The only modification to run 3 compared with the PD control (run 1) is a lowering in , 1998 ] (see also discussion in Part I). In Table 5 , the ozone change for run 3 (PI emissions) is similar to that of run 2 (best PI) and so the precursor emissions are responsible for the bulk of the ozone change. Figure 7 featured an anomalously high PI O, feature occurring in SH high latitudes (but less prevalent than for the best PI run, Figure 2 ).
This arose due to higher PI NOx (as for run 2, section 3.1) and was associated with lower PI OH (not shown); again its magnitude was close to one standard deviation in O_ (Figure 3 ).
Plotting the difference (lx105 molecules/cm 3) for OH run 1 (PD control) -run 3 (PI emissions) revealed results (not shown) similar to Figure 5 , which showed run 1 (PD control)
-run 2 (best PI estimate). The global mean OH value for Run 3 ( Table 5 ) was 10.6x105 molecules/cm 3 (N'H=12.5, SH=8.8) corresponding to a 7.5% 0qH=4.0, SH=13.6) decrease from PI to PD, which is significant at the 99% confidence interval ( Total tropospheric Ox burdens for run 5 (PI emissions, sulfate and ocean) in Table 5 were 182 Tg corresponding to a 1.1% increase (of the order 95% significant in SH--3.5) increase in changing from PI to PD ocean data (run 5 compared with run 4), which is significant to 99% (Table 3) .
On plotting the change (%) in moist convective cloud cover due to cooling the ocean 
Effect of GHGs.
On plotting the difference (ppbv) in Ox for run 2 (best PI estimate) -run 5 (all PI changes except GHGs), again we find small, anomalous higher PI Ox features (not shown) near the tropopause which are close to one standard deviation (Figure 3) . Also, there exists a seasonal pattern over the pole at around 200mb with lower (higher) Ox in the summer (winter) for run 2 compared with run 5. Changes in NO_ (not shown) mostly explain the NH O_ behavior but not the SH. Figure 13 shows the difference (tenths°C) in temperature (run 2-run 5). There features weak (0.2-0.5°C) cooling during PI over wide areas in the troposphere, which may not be statistically significant (e.g. s at 200mb in July=0.53°C).
There is a possible, albeit weak, chemical contribution, namely the reaction HO2+NO which mediates in-situ chemical ozone production and which shows a weakly negative temperature dependence, typical of many radical recombination reactions. Thus, cooling is expected to lead to enhanced ozone via this process, although the weakness of the temperature dependance suggests ozone changes of only a couple of percent at most.
There also features PI cooling of up to one degree in high latitudes in the SH winter.
Polar regions in the dark are sensitive to dynamical changes which affect polewards transport of heat. Lowering the GHGs led to a decrease in the rate of descent of the polar cell, consistant with the cooling feature. The phenomenon only features as a response to the GHGs being lowered; it is not evident e.g. for the best estimate PI run.
The total tropospheric Ox burden forruns 5 and 2 (Table5) were similar, corresponding to 182 and 181 Tg respectively. Oz mixing ratios however, tended to change most near thetropopauscand may therefore impact the radiative calculations to a greater extentas willbe discussedin section 3.3.Global mean OH valuesforrun 5 and run 2 were also quitesimilar, correspondingto 10.3xi05 molecules/cm 3 (NH=I2.2, SH=8.5) and 10.2xi05 molecules/era 3 (NH=I2.0, SH=8.4).
Global mean temperatureincreases were 0.153°C (NH=0.231, SH=0.076) for(run 5 -run 2) i.e. (PD GHGs -PI GHGs); a=0.025°C. These valuescorrespondonly to reductions in theconcentrations in airof theGHGs. They do not reflect feedbacksassociated with ocean heating.
3 Radiative feedbacks: chemical composition and clouds
For any given, instantaneous forcing, the resulting response varies considerably between models. Over sufficiently long periods, the response will feed back upon evolving chemical constituents such as ozone and it will eventually impact future forcing values. Therefore, radiative forcing (RF) definitions must also stipulate which, if any model-dependant response(s) are included. The most common is that defined by [IPCC, 1996] , which quotes RF at the tropospause after the stratosphere has been allowed to respond dynamically.
Important quantities in our model which potentially feed back upon the radiative forcing include dynamical, cloud and albedo effects. Also, since we fix the SSTs our model cannot fully respond over the longer oceanic timescales although we believe results are valid over the atmospheric stability hence will decrease (increase) convective cloud cover (not shown) and so increase (decrease)SW absorption in the NH (SH). Models which employ climatological cloud cover will tend to overlook this phenomenon.
3.3.2 Sulfate aerosol Sulfate aerosol as specified in the chemistry scheme may either increase or decrease NOx (hence Ox) depending on location, as discussed in section 3.2.2. For the runs discussed here, the radiation scheme assumes a PD distribution of sulfate aerosol (as well as dust sea-salt, organic carbon etc.) whose concentrations are slightly different from that used in the chemical calculations.
The impact of this difference is likely to be small. Note that only sulfate in the chemistry subroutines was reduced to PI levels; the radiation sulfate was lei_ unchanged. Globally, O_ and hence cloud responses were relatively small (2% decrease and 0.03-0.05% increase respectively). cover. This will tend to reinforce the conclusions of the present work. Cloud-chemistry interaction is an important area of future study. However it is beyond the scope of the present paper to address this topic in full -in a forthcoming paper (Grenfell et al., in preparation) we include a complete analysis of cloud-ozone feedback. Compared to most other models, the GISS GCM possesses a generally simpler chemistry scheme yet a more detailed cloud-radiation treatment. Despite this, our chemistry scheme has been found to compare favorably with other, generally more complex schemes. This paper, and Part 1 have shown that our calculated PD and PI Ox burdens compared well with other published works.
Ocean data
We also investigated the effect of lowering sulfate aerosol to PI conditions. Kiehl et al. [ 1999] also report lowering the sulfate burden but it is unclear whether they did this uniformly or adopted a new PI distribution, as we did. Lowering sulfate in our model resulted in a succession of higher/lower NOx (and Ox) features near the tropopause which require longer runs to establish whether they are significant or due to model variability. The overall effect on the Ox budget was small. However, since we do not include the effects of NMHCs, in-situ ozone changes in our model are less sensitive to changes in NOx arising from changes in sulfate.
On lowering only the precursor emissions, we obtained an ozone response similar to other works which lends confidence to our model results. Finally we investigated the effect of lowering the GHGs. This strengthened the meridional temperature gradient and stimulated polewards transport of heat, resulting in extra heating of up to 1 degree in SH polar night.
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